Nephrolithiasis is a common disease affecting almost all populations, with an increasing prevalence over the past decades. Previous studies revealed several functional polymorphisms associated with the pathogenesis of nephrolithiasis. However, data on Asian populations are limited. In this study, three candidate polymorphisms were selected from previous studies to investigate the correlations with nephrolithiasis in a Taiwanese population. In total, 454 nephrolithiasis patients were recruited from Kaohsiung Medical University Hospital, with SNP frequency for 1513 subjects of general population from the Taiwan Biobank (TWB) as a genotypic reference. Results revealed that subjects with minor TT genotype at rs1256328 (alkaline phosphatase, liver/bone/kidney (ALPL)) have higher susceptibility to nephrolithiasis (odds ratio (OR) = 2.03, p = 0.0013). In addition, subjects carrying the minor AA genotype at rs12654812 (regulator of G protein signaling 14 (RGS14)) have higher susceptibility to nephrolithiasis (OR = 1.91, p = 0.0017). Among nephrolithiasis patients, subjects with GG at rs7627468 (calcium-sensing receptor (CASR)) have lower pH level in urine (p = 0.0088). Importantly, rs7627468 is associated with the expressions of IQCB1 and EAF2. rs12654812 could influence the expression of RGS14 itself, MXD3, and FGFR4. In summary, this study successfully validated the genetic roles of rs1256328 and rs12654812 in human nephrolithiasis.
Although many patients are persistently asymptomatic, some patients occasionally pass stones and experience hematuria. Paroxysmal renal colic may also occur and cause variable levels of pain 5, 6 . Furthermore, nephrolithiasis is a disease of high recurrence risk with a relapse rate of 50% within 5~10 years and 75% at 20 years 7, 8 . Continuous recurrence of kidney stone may lead to persistent renal obstruction and even permanent renal damage 6 . As a result, nephrolithiasis significantly influences patients' quality of life and places a heavy burden on society and healthcare systems.
Many factors were suggested to elevate risks of nephrolithiasis, such as environmental exposure, low fluid intake, dietary intake, hypercalciuria, genetics, and a family's health history. However, the etiology of nephrolithiasis remains unclear. A previous study of paired twins reported a higher concordance rate of the disease in monozygotic twins than that in dizygotic twins, suggesting that genetic factors may play a pivotal role in its etiology 9 . Furthermore, candidate gene association studies attempted to assess the roles of several genes involved in stone formation 10 . Previous studies indicated that genetic variances of the vitamin D receptor (VDR), osteopontin (OPN), and calcium-sensing receptor (CASR) genes were highly associated with nephrolithiasis [11] [12] [13] [14] [15] [16] [17] . The TRPV5 and CLCN5 genes were also proven to be important in the pathogenesis of nephrolithiasis 18, 19 . In addition, genetic polymorphisms of calcium channel, ORAI1 (rs12313273, rs7135617, and rs6486795), were reporetd to associate with the development of nephrolithiasis 20 ITPKC (rs2607420) is also associated with the estimated creatinine clearance in nephrolithiasis patients 21 .
Recently, some regions were found to be associated with nephrolithiasis by genome-wide association studies (GWASs) or meta-analysis of GWASs in various populations [22] [23] [24] [25] . The first GWAS on idiopathic calcium oxalate urolithiasis was published in 2009 that identified a member of the claudin gene family (CLDN14) as a risk locus 22 . Three loci at 5q35.3, 7p14.3, and 13q14.1 were reported to associate with kidney stones with an accumulative effect in a Japanese population 23, 24 . Recently, Oddsson et al. indicated that four loci were associated with nephrolithiasis in an Icelandic population 25 , but this association has not been confirmed in any Asian population yet. The purpose of this study was to investigate whether the selected polymorphisms from the previous GWAS report 25 are associated with nephrolithiasis in a Taiwanese population.
In this study, nephrolithiasis patients were recruited from Kaohsiung Medical University Hospital (KMUH, Kaohsiung, Taiwan). Genotypic statistics of general population was obtained from the Taiwan Biobank (TWB) project. We investigated the susceptibility variants with risk of nephrolithiasis in the Taiwanese population. Furthermore, associations of genetic variants with the stone frequency, stone number, clinical biochemical data, and estimated glomerular filtration rate (eGFR) were analyzed.
Results
Demographic and clinical characteristics of subjects. We investigated the regional prevalence of nephrolithiasis through the analysis of longitudinal health insurance data from the National Health Insurance Research Database. The prevalence of nephrolithiasis in Taiwan varies by geographical region. The prevalence of nephrolithiasis in 2010 was 3.9%, 5.95%, 4.62%, and 3.78% in northern, central, southern, and eastern Taiwan, respectively (Fig. S1 ). In this study, 454 nephrolithiasis patients were recruited (Table 1) . Among these patients, the mean age was 53.4 ± 12.4 (SD) years, and 321 (70.7%) were male. The mean uric acid-to-creatinine ratio (UA/ UCr), calcium-to-creatinine ratio (UCa/UCr), and creatinine levels in the urine were 0.5 ± 0.2, 0.1 ± 0.1, and 87.3 ± 56.3 mg/dL, respectively. As to serum data, the mean uric acid, calcium, and creatinine concentrations were 6.4 ± 1.7, 8.9 ± 0.6, 1.2 ± 0.9 mg/dL, respectively. In addition, genotypic statistics of 1,513 healthy subjects Urinary uric acid-to-creatinine ratio (UUA/UCr).
c Urinary calcium-to-creatinine ratio (UCa/UCr).
SNPs rs1256328 and rs12654812 are associated with susceptibility to calcium nephrolithiasis.
To investigate associations of polymorphisms with nephrolithiasis susceptibility, we compared the genotype and allele distributions between groups of nephrolithiasis patients and general populations for each SNP (Supplementary Table S1 ). Among three SNPs examined, rs1256328 (ALPL) and rs12654812 (RGS14) revealed significant differences in genotypic distributions, even after correction with SNP numbers (p = 0.0005 and 0.0072, respectively). rs12654812 (RGS14) also revealed a borderline significant difference in its allelic distribution (p = 0.0346). However, the significance did not persist after applying Bonferroni correction. For rs7627468 (CASR), no significant difference was observed. On the other hand, we also investigated associations of these two SNPs (rs1256328 and rs12654812) with nephrolithiasis susceptibility under different genetic models (Tables 3, 4 ). As to rs1256328 (ALPL) and rs12654812 (RGS14), the most significant associations were observed under a recessive model (p = 0.0013 and 0.0017, respectively), with estimated ORs of 2.03 and 1.91, respectively. These results indicate that subjects with the minor TT genotype at rs1256328 (ALPL) or the minor AA genotype at rs12654812 (RGS14) had higher susceptibility to nephrolithiasis, compared to those with major alleles in these two SNPs (C allele at rs1256328 (ALPL) or G allele at rs12654812 (RGS14)).
Polymorphisms of rs1256328, rs7627468, and rs12654812 were not associated with the risk of multiple stones or recurrence in patients with calcium nephrolithiasis. In our study, 224
patients had multiple stones and 203 had a single stone. Furthermore, 188 patients had recurrent episodes and Table 4 . Association of rs12654812 with nephrolithiasis susceptibility. a General population from Taiwan Biobank. P values which remain significant after performing Bonferroni correction (p ≤ 0.016) are shown in bold.
Quantitative trait locus analysis in nephrolithiasis patients. To understand relationships between polymorphisms and clinical risk factors, biochemical quantitative traits including calcium, uric acid, and creatinine in urine and in serum were analyzed. Among the urine data, we found that rs7627468 (CASR) was highly associated with the urine pH, before or after adjustment with gender and age (Table 5 ). Urine pH levels were lower in the GG genotype group in rs7627468 (CASR) than in the AG or AA genotype groups (p = 0.009; adjusted p = 0.0088). In addition, the rs12654812 (RGS14) AA genotype was potentially correlated with an increased UCa/ UCr compared to the AG or GG genotypes in nephrolithiasis patients (p = 0.0764; adjusted p = 0.0532). After the subset analysis, we found that the CASR SNP (rs7627468) was associated with the UCa/UCr (p = 0.0170) ( Table 6) , and the estimated OR was 0.64. However, this association did not exist after applying multiple testing correction.
Lack of associations of genetic polymorphisms with the eGFR. According to previous studies, renal stones may cause renal impairment and decrease renal function. Therefore, we further calculated eGFRs based on the Modification of Diet in Renal Disease (MDRD) and Cockcroft-Gault (C-G) methods, widely used tools to predict renal function of nephrolithiasis patients. We tested the relationship between genetic polymorphisms and renal function. Among the SNPs we tested, no SNP was significantly associated with values of renal function calculated by either the MDRD or CG method (Supplementary Table S3 ).
Effects of SNPs on gene expressions in different tissues.
From data of the GTEx portal, we found that rs7627468 could influence the expression of the IQCB1 (IQ motif containing B1) gene in the thyroid (p = 2.2 × 10
) and the EAF2 (ELL-associated factor 2) gene in the esophagus-mucosa (p = 4.1 × 10 −5 ) ( Table 7) . We also found that rs12654812 has a cis-eQTL effect on RGS14 (regulator of G-protein signaling 14) itself and is very likely to influence expressions of MXD3 (MAX dimerization protein 3) in a variety of tissues. A significantly associated eQTL for rs12654812 was also identified for FGFR4 (encoding fibroblast growth factor receptor 4) in the tibial nerve and F12 (encoding coagulation factor XII) in esophagus mucosa. However, no significant eQTLs were found for rs1256328.
Discussion
In this study, we showed that the TT genotype of rs1256328 in ALPL associated with higher susceptibility of nephrolithiasis in a Taiwanese population, which is consistent with a previous study in Icelandic population 25 . ALPL encodes tissue-nonspecific alkaline phosphatase (TNSALP), which is essential for the normal development of bones and teeth. TNSALP hydrolyses phosphate substrates such as pyrophosphate (PPi) and phosphorylated glycoproteins like osteopontin, and releases inorganic phosphate, thereby promoting appropriate calcification 26 . Animal study reported decreased bone mineralization in ALPL-knockout mice due to lower activity of phosphatase 27 . Furthermore, ALPL gene mutations were found in patients with hypophosphatasia, characterized by elevated urinary PPi excretion 28 . PPi was reported as a potent inhibitor of hydroxyapatite crystallization, which binds to the surface of basic calcium phosphate crystals and blocks subsequent crystal growth [29] [30] [31] . TNSALP is www.nature.com/scientificreports www.nature.com/scientificreports/ expressed in proximal tubules of the kidneys 28 and frees phosphate through PPi hydrolysis 26 , which may further lead to kidney stone formation. Moreover, a previous study indicated associations of kidney stone diseases with other genes involved in phosphate regulation, including VDR, klotho (KL), and sodium-hydrogen antiporter 3 regulator 1 (NHERF1) 12, [32] [33] [34] [35] , although rs1256328 (ALPL) had no significant eQTL effects on these genes. Since GTEx portal only collects limited cell types, and much evidence has suggested an important role of ALPL in the pathophysiology of nephrolithiasis via phosphate regulatory pathways. Therefore, further studies are required to elucidate the physiological effects of rs1256328 in human nephrolithiasis.
We observed that the AA genotype of rs12654812 in RGS14 was significantly associated with nephrolithiasis susceptibility in a Taiwanese population, which is also consistent with a previous study on an Icelandic population 25 . Association of rs12654812 with nephrolithiasis was validated in a Japanese population 36 . However, studies in Chinese population were not totally consistence with each other 37, 38 . RGS14 encodes a member of the regulators of G-protein. Previous study on knockout mice indicated that RGS14 may regulate Ca 2+ and affect downstream signals in neurons 39 . Similar cis-eQTL effects of rs12654812 on RGS14 expression were observed in nervous tissue in our study. However, this effect was not observed in kidney tissue. Since sample size of kidney tissue is limited by the current release of GTex, further studies are required to investigate the effects of rs12654812 on RGS14 expression in kidney tissue. Finally, we identified a significant eQTL in the tibial nerve for rs12654812 www.nature.com/scientificreports www.nature.com/scientificreports/ with FGFR4 (Table 7) , which was reported to be involved in renal phosphate homeostasis 40 . Consistent with previous studies, FGFR4 signaling is critical for the development of Calcium Nephrolithiasis.
RGS14 protein may restrict Ca 2+ elevations 40 . The malfunctions of TNSALP, the encoding protein of ALPL, involve in the elevated urinary PPi excretion 28 . While AA genotype on rs12654812 leads to decreased expression of RGS14, Ca 2+ level may subsequently increase. This concept is in consistent with the trend observed in our study (Table 5 ). It's very likely that dysfunction of either ALPL or RGS14 influence the homeostasis of calcium and phosphate that increase the risk to nephrolithiasis. Therefore, further studies are needed to investigate whether rs1256328 (ALPL) and rs12654812 (RGS14) have synergic effects in the susceptibility of nephrolithiasis. Although we did not observe an association of rs7627468 in CASR with the susceptibility to nephrolithiasis, we found the rs7627468 correlate with the pH value and calcium/creatinine ratio of urine. CASR is a G-protein-coupled receptor located on plasma membranes. It senses and sets extracellular calcium ion levels by controlling renal calcium excretion and regulating parathyroid hormone secretion, thereby maintaining homeostasis of cellular calcium 41, 42 . Moreover, several studies reported associations of CASR variations with nephrolithiasis or other kidney-related clinical manifestations. For example, two association studies on Italian populations indicated that the Arg990Gly (rs1042636) variant on CASR predisposes patients to primary hypercalciuria and nephrolithiasis 43, 44 . Furthermore, Ala986Ser in exon 7 of CASR was repeatedly reported to be associated with a risk of kidney stones and serum calcium concentrations in different ancestries [45] [46] [47] . Our previous study also showed a significant association between CASR (rs17251221) and stone multiplicity in nephrolithiasis patients 13 . In addition, urinary acidification and urinary volume are two important factors associated with kidney stones 48 . For example, TRPV5
−/− knockout mice demonstrated robust hypercalciuria and hyperphosphaturia without calcium-phosphate stone precipitation 49 . In the same study, researchers discovered that activation of the renal CASR can promote H + excretion and downregulate aquaporin 2 leading to urinary acidification and polyuria 49 . These beneficial adaptations promoted the excretion of large amounts of soluble calcium, which was crucial to preventing the formation of kidney stones. This evidence indicates that CASR may be involved in kidney stone formation not only via controlling the calcium concentration, but also via regulating the urine pH. Furthermore, rs7627468 was associated with IQCB1 expression in the thyroid, which encodes the nephrocystin protein that interacts with calmodulin 50 . rs7627468 was associated with EAF2 expression in the esophageal mucosa. However, the physiological functions of EAF2 in renal tissues are still unclear.
There are some limitations in this study. Data of the controls from the Taiwan Biobank were accessed through the Taiwan View website, which provides only summarized genotype counts, but not genotypes of individual subjects. For nephrolithiasis patients, important confounding factors, such as lifestyle, disease duration, and drug treatment, were unavailable, and we were therefore unable to adjust for the data. Furthermore, the modest sample size of nephrolithiasis patients collected in this study might have reduced the power of the statistical testing. Finally, although we observed eQTL effects of rs7627468 and rs12654812 in silico, further experiments are required to validate the effects of the SNPs on other genes and to elucidate the detailed subsequent mechanisms of the development of nephrolithiasis.
In summary, this study successfully replicated an association of SNPs in ALPL and RGS14, rs1256328 and rs12654812, with susceptibility to nephrolithiasis in a Taiwanese population. Our study further indicated that rs7627468 in CASR was associated with pH values and the calcium/creatinine ratio in urine of nephrolithiasis patients.
Methods
Longitudinal health insurance data from national health insurance research database. To investigate the prevalence of nephrolithiasis in Taiwan, we extracted calcium nephrolithiasis patients from the subset database (Longitudinal Health Insurance Database, LHID) of the National Health Insurance Research Database (NHIRD) using ICD-9-CM code 592.X. LHID database consists of medical claims data for 1,000,000 subjects randomly selected from the entire NHIRD (n = 23.5 million).
Patient recruitment.
Patients who fulfilled the diagnostic criteria for nephrolithiasis were recruited at Kaohsiung Medical University Hospital (KMUH). Our study conformed to the Declaration of Helsinki, and the design of the study and final report were performed with approval of the institutional review board of KMUH. We received informed consent from all subjects before any data were collected. Subjects were excluded if they had a history of renal tubular acidosis, renal failure, gout, primary or secondary hyperparathyroidism, chronic diarrhea, or cancer. In total, 454 calcium nephrolithiasis patients were diagnosed by a qualified urologist and were recruited. Each patient's echographic and radiographic examinations of renal stones were retrieved along with clinical laboratory data, such as gender, age, and family history of nephrolithiasis. Blood and urine samples were collected at a random time point to measure total calcium, uric acid, and creatinine levels. All urinary parameters were corrected using urinary creatinine levels. Renal stone samples were obtained by either surgical intervention or spontaneous stone passage. Moreover, for the stone number analysis, patients with stone numbers exceeding one were allocated to the multiple-stone group, while patients with a single stone were grouped together. Patients without clear evidence for classifying them into either the multiple-stone or single-stone group were excluded from the stone number analysis.
The past medical history of the stone episode was retrospectively traced back as far as the patient's medical record was available. Patients with only one episode were placed in the non-recurrent group; those with two or more symptomatic episodes within 6 months were allocated to the recurrent group. Since the medical history was retrospectively retrieved, patients without clear evidence for classifying them into either the single or recurrent group were excluded from the recurrence analysis.
Statistical analysis. Statistical differences between patients and controls, multiple-and single-stone episodes, and between the recurrence and non-recurrence groups in genotype and allele frequencies were analyzed by a Chi-squared (χ 2 ) test. Quantitative variables are expressed as the mean ± standard deviation (SD). A t-test or analysis of variance (ANOVA) was used to compare the means of continuous variables (clinical biochemical data and the eGFR) among different genotypes in nephrolithiasis patients. An analysis of covariance (ANCOVA) was applied to adjust for age and gender. The likelihood ratio test was used to analyze the association between biochemical data and each genotype, and each p value was adjusted for age and gender. Multiple testing was adjusted for SNP numbers using the Bonferroni correction. A significance level of 0.016 (0.05/3) was used. All statistical analyses were implemented using SAS 9.3 statistical software (SAS Institute, Cary, NC) for Windows. Regarding to Expression Quantitative Trait Locus (eQTL) analysis, we accessed the GTEx portal to investigate the effects of the SNPs on gene expressions in different tissues 52 .
Data availability
The datasets used and/or analysed in the study are available in the main text.
